In Arabidopsis, the hormone ethylene is sensed by five related receptors, all of the 'two-component' variety. The receptors constitutively suppress a downstream signalling pathway, and are inactivated by ethylene, leading to the activation of genes necessary for the various ethylene-regulated biological responses.
The ability to screen mutants in Arabidopsis has made possible the isolation of a wide range of ethylene-response mutants [3] . Such screens have in particular used the 'triple response' as an indicator of an intact ethylene-detection system. The triple response is a set of morphological changes to etiolated (dark grown) seedlings that normally occur in response to ethylene, including short and thick hypocotyls, short root, and exaggerated apical hooks. The mutants can be divided into those that are ethylene insensitive, and those that show a constitutive triple response even in the absence of ethylene. The former includes mutants such as ethylene response 1 (etr1), ethylene-insensitive2 (ein2), ein3, ein4, ein5, ein6, ein7 and ACC insensitive 1 (ain1) [3] ; the latter includes constitutive triple response 1 (ctr1), ethylene overproduction 1 (eto1), eto2 and eto3 (the constitutive response of the eto mutants is a result of their overproduction of ethylene [2] ). Studies of the phenotypes of double mutants have placed these genes in the following genetic pathway: ETR1, EIN4 → CTR1 → EIN2, EIN3, EIN5, EIN6, EIN7 [3] .
A number of these genes have now been cloned, providing insights into the nature of the signalling pathway that mediates the plant response to ethylene. CTR1, a negative regulator of the pathway, turns out to encode an enzyme related to Raf kinase, best known as an activator of mitogen activated protein (MAP) kinase cascades in mammalian cells. Intriguingly, ETR1 looks likely to be a histidine kinase and is related to the 'twocomponent' receptors that figure so largely in prokaryotic signalling pathways (Figure 1 ). ETR1 binds ethylene and so qualifies as an authentic ethylene receptor [4] ; it is a metalloprotein, with a Cu (I) ion in its ethylene-binding site (A. Bleecker, personal communication), as predicted many years ago [5] .
The first indication that ethylene might be sensed by more than one receptor came with the cloning of the gene ERS1 cloned by cross-hybridization to ETR1 [2] . ERS1
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Domain structure and similarity relationships of the Arabidopsis 'two-component' ethylene receptors. Data on motifs and conserved residues from [16] . (Adapted from [7] .) 
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also encodes a protein related to bacterial two-component receptors though, unlike ETR1, it lacks a response regulator domain at its carboxyl terminus (Figure 1 ). Expression of a mutated ERS1 gene -equivalent to the isolated mutant gene etr1-4 -in Arabidopsis confers dominant ethylene insensitivity, suggesting that ERS1 is also an ethylene receptor.
In the wake of this finding, the hunt for isolating new ethylene receptors in Arabidopsis was intensified, with screens for further ethylene-insensitive mutants. Sakai et al. [6] isolated a dominant mutant etr2-1 which identified a gene encoding a third two-component-like ethylene receptor. At the same time, using ETR2 as a molecular probe, Hua et al. [7] were able to isolate two related genes, ERS2 and EIN4. Overexpression of a mutant form of ERS2 in transgenic Arabidopsis plants also confers a dominant ethylene-insensitive phenotype [7] . EIN4 turned out to be the defective gene in a previously identified dominant ethylene-insensitive mutant [3] , showing that it encodes the fifth member of the ethylene receptor family.
The five ethylene receptors fall into two subfamilies, one comprising ETR1 and ERS1, and the other ETR2, EIN4, and ERS2 (Figure 1) . At the gene level, intron positions are conserved within each subfamily, but not between the two subfamilies ( Figure 1 ) [7] . Receptors in the first subfamily contain three transmembrane domains near their amino termini, whereas those in the second have four transmembrane domains. It is this hydrophobic region which, when mutated in any one of the receptors, causes dominant ethylene insensitivity [2, 3, 6, 7] . This region has also been shown to form the ethylene binding site in ETR1 [4] . Motifs characteristic of bacterial histidine kinases are conserved in ETR1 and ERS1 ( Figure 1 ) [7] , but less so in the second subfamily.
A hallmark of all the ethylene receptor mutants is their dominant ethylene-insensitive phenotype, which is not straightforward to explain; one cannot even be sure that the apparent involvement in ethylene signalling is not an aberrant property acquired only in the mutant state. It is thus particularly important to look at the phenotypes caused by loss-of-function mutations, which Hua and Meyerowitz [8] have done with spectacular success. They isolated recessive loss-of-function mutations of ETR1, ETR2, EIN4 and ERS2, in two screens, one for intragenic suppressors of the previously identified dominant mutations, and the other for T-DNA insertions in ERS2. The loss-of-function mutants do not show ethylene-response defects [8] , explaining why only dominant alleles had previously been identified. But a quadruple mutant with lossof-function mutations in ETR1, ETR2, EIN4 and ERS2 showed a strong constitutive triple response in the absence of ethylene [8] . The quadruple mutant has a compact morphology at the adult plant stage, resulting from reduced cell expansion, and shows constitutive expression of an ethylene-induced gene [8] ; similar, but weaker, phenotypes are observed in some double and triple mutant combinations (Figure 2 ).
The ethylene receptors appear to act in an opposite mode to most known mammalian hormone receptors, which generally induce responses by binding to and activating their receptors. The absence of a mammalian receptor has a similar phenotypic effect to absence of its cognate hormone. But contrary to this well-established dogma, a lack of ethylene receptor activity leads to a constitutive ethylene response, rather than an ethylene-insensitive phenotype. The wild-type receptors sense ethylene by having two states: when ethylene is absent, they are in an 'on' state, and when ethylene is present, they switch to an 'off' state. Inactivation of all four proteins in the quadruple mutant removes the repression, yielding the characteristic ethylene triple response (Figure 3) . That the complete loss-of-function mutant has a phenotype opposite to that caused by the dominant alleles indicates that the latter are gain-of-function mutations, encoding mutant proteins fixed in the 'on' state.
Genetic analysis indicates that the ethylene receptors act through CTR1, as the ctr1 loss-of-function mutation is epistatic to the dominant receptor alleles. That loss of either receptor or CTR1 function gives a constitutive ethylene response clearly shows that the receptor proteins are positive regulators of CTR1 (Figure 3 the receptor activates CTR1 is not known, though it has been recently shown [9] that the ETR1 and CTR1 proteins physically interact. It is also not yet known how CTR1 acts on downstream components.
These new results [8] clearly show that ETR1, ETR2, EIN4 and ERS2 have redundant functions in ethylene signalling. The apparent redundancy raises the question of how all these genes are kept from degenerating into pseudogenes during evolution. Hua and Meyerowitz [8] suggest that the receptor genes have been selected for their emergent functions as well as for their divergent functions, as defined by Thomas [10] . An emergent function is defined as one that depends on the similar functions of several genes, but that cannot be accomplished by an individual gene. For example, one emergent function of the ethylene receptors might be to enable plants to sense ethylene over a wide range of concentrations, requiring that each receptor has a different affinity for ethylene.
A second possible emergent function is suggested by the observation that the five receptors are differentially induced by ethylene [7] . Expression of ETR1 and EIN4 is not affected by ethylene, whereas expression of ETR2, ERS1, and ERS2 is greatly enhanced by the hormone [7] . This up-regulation may be a way of desensitizing the ethylene response. The higher receptor levels induced by ethylene would tend to repress the signalling pathway, so that higher ethylene concentrations are required to maintain the same level of response. A third possibility is suggested by the observed differential receptor expression [7] and variable phenotype severity among different tissues and states. For example, ETR1 and EIN4 together seem to contribute more toward repression of the ethylene response in light-grown plants than in etiolated seedlings [8] . That the various different receptors might have unique divergent functions has been verified with the ETR1 gene, which plays a role in cell elongation independently of its activity in ethylene sensing [8] . And lastly, the receptors may not act independently -they may, for example, act as heterodimers.
Meanwhile, Ecker and colleagues have been unraveling the intricacies further downstream in the signalling pathway. One of the unknown players has been the component responsible for transcriptional activation of genes that mediate ethylene responses. Chao et al. [11] discovered that the EIN gene product, which acts downstream of CTR1, has such a role. Loss-of-function EIN3 mutations inhibit ethylene-mediated responses, assayed by the triple response, gene expression changes, cell-growth inhibition and accelerated senescence. The EIN3 protein has features of a novel transcriptional regulator. Chao et al. [11] found that the Arabidopsis genome includes several 'EIN3-like' genes -EIL1, EIL2 and EIL3 -encoding proteins with similar domain structures to EIN3. These genes can complement the ein3 mutation, indicating that they are involved in ethylene signalling. Redundancy once again appears to be a hallmark of the ethylene signalling apparatus. Overexpression of EIN3 or EIL1 in wild-type or ein2 plants results in a constitutive ethylene-response phenotype, indicating their sufficiency for activating the ethylene pathway in the absence of ethylene.
Genetic and molecular evidence strongly suggests that EIN3 is a transcriptional activator. Solano et al. [12] recently offered biochemical evidence that EIN3 and its relatives are indeed novel DNA-binding proteins. They identified a sequence in the promoter of an early ethylene-response gene, ETHYLENE-RESPONSE-FACTOR1 (ERF1) containing two inverted repeats that are recognized by an EIN3 dimer. This EIN3 binding site is present in other early ethylene-response genes, such as GST1, E4 and LE-ACO1 [12] , so it can be defined as a primary ethylene-response element. ERF1 is itself a DNA-binding protein, related to APETALA and the 'ethylene-response element binding proteins' (EREBPs). These proteins bind to the GCC ethylene-response Dispatch R877
Figure 3
The ethylene signal transduction pathway (see text for details). PERE, primary ethylene-response element. element, which is found in a variety of late ethyleneresponse genes, expression of which is activated by ethylene in response to pathogen attack. This class of genes includes basic chitinase, β-1,3-glucanases, defensins and other 'pathogen-related' proteins.
The GCC element would seem to be a secondary ethylene-response element, present in only a subset of the ethylene-regulated genes. These 'late' ethyleneresponse genes may be regulated by a subgroup of the EREBPs. Genetic analysis has also shown that ERF1 acts downstream of the previously identified components in the ethylene-signalling pathway (Figure 3 ). For example, ERF1 mRNA is absent in ein3 mutants, but present at greatly increased levels in EIN3-overexpressing plants and ctr1 mutants. The phenotype of ERF1-overexpressing plants is similar to that of ctr1 mutants and EIN3-overexpressing plants. Furthermore, ERF1 overexpression in ein2, ein3 or ein5 mutant plants causes a constitutive ethylene response. This cascade of transcription factors is typical of gene-regulatory pathways from bacteria to humans.
Further insight into the ethylene signalling pathway has come unexpectedly from the work of Zhou et al. [13] on the signal transduction pathway that mediates glucose repression of cotyledon and shoot development. They isolated a recessive glucose-insensitive Arabidopsis mutant, gin1, and were surprised to discover that its insensitivity to glucose repression can be phenocopied by treatment of wild-type plants with 1-aminocyclopropane-1-carboxylic acid, the precursor of ethylene. Similar glucose insensitivity is also exhibited by ctr1 and eto mutants, whereas the etr1 mutant exhibits glucose hypersensitivity. The inference is that GIN1 acts downstream of ETR1 and CTR1, and defines a new branching point at the bottom of the ethylene signalling pathway (Figure 3) , distinct from the branch that controls the triple response [13] . These results show there is cross-talk between the ethylene and glucose signal transduction pathways.
We have learned a lot in the past ten years about how plants sense ethylene, but it is likely that there are many more secrets yet to be revealed. Many years of classical genetic analysis in yeast functionally identified only 30% of the 6000 genes revealed when the sequence of the yeast genome was completed [14] . It is this complete genome sequence that will make possible the functional identification of all the genes by reverse genetics, and the same will be true for Arabidopsis. Approximately 2000 Arabidopsis mutants have been identified by standard genetic practices, about 10% of the total. We are not likely to identify all the components of the ethylene-response pathway until the Arabidopsis genome has been completely sequenced. Then global insertional mutagenesis can be used to create mutations in every gene in the genome. We shall then be able to test the effects of multiple mutation combinations, and to identify a large number of ethylene-regulated genes using recently developed microarray technology [15] . What an exciting time lies ahead!
